Design optimization of the first-order P-doped fiber Raman lasers using an explicit approach by Huang, Chaohong et al.
Design optimization of the first-order P-doped fiber Raman lasers 
using an explicit approach 
Chaohong Huang*a, Guoping Linb, Wencai Huanga, Jiafu Huanga, Huiying Xua, Zhiping Caia
aDepartment of Electronic Engineering, Xiamen University, Xiamen 361005, China; 
bDepartment of Physics, Xiamen University, Xiamen 361005, China 
ABSTRACT 
Theoretical design optimization of the first-order P-doped fiber Raman laser (FRL) by an explicit approach was 
investigated. The authors derived an explicit expression for the output power of the laser without using the depleted-
pump approximation. The proposed solution shows excellent agreement with numerical simulation. According to the 
explicit solution, one can clearly know the effects of fiber length, reflectivity of output fiber Bragg grating (FBG), 
Raman gain and loss of the P-doped fiber and extra losses on the output power. The solution also present a criteria by 
which one can determine whether the depleted-pump approximation is valid or not. It is very fast and convenient to 
optimize the output power of the FRL using the proposed explicit solution. The optimal values of fiber length, 
reflectivity of output FBG and conversion efficiency are obtained under different pump power. While increasing pump 
power, the optimal fiber length and reflectivity of output FBG decrease and the optimal conversion efficiency increase. 
There exists a certain tolerance of the optimal parameters, in which the conversion efficiency decreases only slightly. 
The results provide us an intuitive physical understanding to the laser and are instructive to experimental design of the 
laser.
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1. INTRODUCTION
Raman fiber lasers (RFLs) are widely studied as the efficient all-fiber wavelength converter and attractive laser sources 
in 1.1-1.9 m. The lasers find many applications in optical communications and sensors for their flexibility to design and 
all-fiber configuration. Recently significant progresses in RFLs have been made due to the use of ultralow-loss P2O5-
doped silica fibers(PDF), high power Yb-doped dual-cladding fiber lasers (Yb-DCFL) and highly-reflective fiber Bragg 
gratings(FBG)[1-3]. To optimize the RFLs, some numerical methods[4,5] have been developed. However, the numerical 
algorithms are not only time-consuming, but also unstable if the initial guessed values are not properly chosen. Several 
authors[6-8] have devoted to optimize the Raman fiber laser by analytic approaches. Recently Ref.[9] proposed the exact 
analytical solution for the single-pass pumping RFL with the assistance of Lambert W function, but no explicit 
expression is presented. In this work, we obtain an explicit analytical solution for the first-order RFL only using a 
linearly-propagating approximation for pump beam, which has been applied to the second-order RFL and proves to be 
valid[10,11]. The proposed explicit solution provides us an intuitive physical understanding to the optimal design of the 
laser.
Fig. 1. Schematic diagram of the first-order Raman fiber laser 
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2. THEORETICAL MODEL 
Figure 1 shows the schematic diagram of the first-order Raman fiber laser. FBG1 and FBG2 form Fabry-Perot cavity at 
the first-order Stokes wavelength. FBG2 is highly-reflective (>99%) at the first-order Stokes wavelength. FBG1 with 
relative low reflectivity at the first-order Stokes wavelength can couple the Stokes lights out of the cavity. A 1064nm 
Yb-doped Dual-cladding fiber laser was used as the pump. The pump beam was coupled to Raman cavity using an 
objective lens with magnification multiples 10 and NA of 0.25. A 99:1 coupler was used to monitor the incident pump 
power. 
The forward- and backward-propagating pump and Stokes powers in P-doped fiber obey the following well-known 
differential equations[1,12] 
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where the subscripts represent pump(0) and Stokes(1) waves. The superscripts denote forward(+) and backward(-) 
propagating beams.  i is the wavelengths of pump and Stokes radiation and  i is the loss coefficient of P-doped fiber at 
i . The parameter g refers to the Raman gain coefficient(in unit W-1m-1). At z=0 and z=L, Eq.(1a) and (1b) meet 
boundary conditions  
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refers to pump power at z=0. R1 and R2 are the reflectivity of FBG1 and FBG2, respectively. s and F (in unit dB) 
denote the splicing and insert losses of FBGs, respectively.
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where 1 1 1c P P  is a constant for the coordinates z[13] . We can define  1c  as the geometric mean power for the 
first-order Stokes wave and  iu  as the gain factors for pump(i=0) and Stokes(i=1) radiation. Thus, Eq.(3a) and (3b) 
represent the evolvement of the gain factors along the Raman fiber and the geometric mean power 1c  is undetermined 
constant. The boundary conditions for iu  are 
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The pump and forward- and backward-propagating Stokes powers in P-doped fiber can be expressed as  
'
0 0exp( )inP P u          (5a) 
     1 1 1exp( )P c u       (5b) 
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LL R R  is the single-pass loss factor for the first-order Stokes wave owing to 
loss of fiber and transmitted loss of FBGs.  
We can also define the algebraic average powers for pump as 1
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effP c l . From Eq.(6b), we can find that 0P  will be 
clamped to the value of 1 gL  when pump power is larger than threshold pump power.  
From Eq.(3a) and (3b), we can obtain the following equation by eliminating coordinates z  
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Then the following expression can be deduced by integrating (7) 
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The LHS of the equation represents the incident pump photons and the RHS of the equation is the total number of output 
pump and Stokes photons from the RFL plus photons dissipated in Raman fiber. Thus, the equation tells the fact that 
they are equal. 
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Although pump beam attenuate faster while in thP P , we can still assume it propagates linearly along the fiber with a 
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where 0A  is the effective attenuation coefficient for pump propagation. Substitute (10) into (6b), we can obtain the 0A
as a function of input power 
0 0A W e L    (11) 
where ' '1 0( )in inP gL P P . 0W  is the principal branch of Lambert W function[14]. We can deduce )(1 zu  by 
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The residual pump power at z=L is 
0' A Lr
inP P e                                                                         (13) 
 We can explicitly express 1
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Let 1 0c , we can get the same expression of the threshold pump power as Eq.(9). If 1 (i.e. ' 0inP P ), 
then 'r inP P . Thus one can determine whether pump power is depleted or not by comparing  and unity. In pump-








                                            (16) 
The output power for pump and Stokes waves can be written as  
0
out r
outP P                                                     (17) 
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where 0.1 0.110 F sout .
To verify the explicit solution, we carry out a numerical simulation for Eq.(3a) and (3b) as a comparison using 
MATLAB BVP solver. We find that the numerical algorithm consume less than one second while using the proposed 
solution as the initial solution. The typical parameters of phosphosilicate fiber fabricated by Fiber Optic Research Center 
of Russia are selected for calculation: g=1.28×10-3W-1m-1, 0 =1.06µm, 1 =1.24µm, 0 =1.8dB/km, 1 =1.16dB/km. The 
splicing loss s  is 0.02dB and insert loss of FBG F  is 0.1dB.  
Any spectral broadening for pump and Stokes waves are not considered in the classic model depicted by Eq.(3a) and (3b). 
However, the RFL always suffer from the spectral broadening effect. While considering this effect, the model should 
been modified. The simplest way is to introduce the effective reflectivity of FBG[15]. The effective reflectivity of FBG, 
which can be estimated by measuring the reflective spectrum of FBG and the output spectra of pump and Stokes waves, 
is always lower than the nominal reflectivity at Bragg wavelength. Since the spectral broadening change with increasing 
pump power, the effective reflectivity is varied with pump power, which is not considered in the following calculation. 
For convenience, the effective reflectivity of FBG1 is assumed to be 95%. Reflectivity of FBG2 in the following 
computation should also refer to its effective value. 
Figure 2 shows the output pump and Stokes power as a function of input pump power while L=500m and 1R =30%. The 
discrepancy between analytical results and numerical simulation is less than 1.5% up to Pin=10W. When Pin>5W, the 
slope efficiency equals to a constant 65%, which is in excellent agreement with the value calculated from Eq.(16) and 
(18). Figure 3 and 4 show the power and gain factors distributions of pump and Stokes waves in Raman fiber when 
Pin=5W, respectively. As shown in these figures, the explicit analytical solution agrees well with numerical simulation. 
Consequently, we can optimize the RFL using the proposed explicit solution. 
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Fig. 2. The output power of the first-order Stokes wave and residual pump power versus input pump power(L=500m, 
R1=30%, squares: numerical; lines: analytic). 






















Fig. 3. Power distributions of pump and Stokes radiations in Raman fiber (squares: numerical; lines: analytic) 





























Fig. 4. Gain factors of pump and Stokes waves in Raman fiber (squares: numerical; lines: analytic) 
Proc. of SPIE Vol. 6823  682317-5
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/11/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
3. DESIGN OPTIMIZATION 
It is known that there exits a set of optimal values of fiber length and reflectivity of output FBG which leads to the 
maximum power conversion efficiency under certain pump power. One can look for the optimal parameters by numerical 
method. However, the method is time-consuming and unstable. The most interesting subject will be to find the optimal 
parameters by an analytical method. In this section, we discuss the procedure looking for the optimal parameters using 
the proposed analytical solution in section 2.  
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The optimal output power under certain pump power and reflectivity of output FBG can be deduced by substituting (19) 
into (11), (15) and (18) 
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Fig. 5. Optimal fiber length and conversion efficiency versus R1 (Pin=5W, squares: numerical; lines: analytical). 
Using the Eq.(19) and (20), we plotted the optimal fiber length and power conversion efficiency as a function of R1 when
Pin=5W in figure 5. The numerical optimal results were also plotted as a comparison with analytical results in this figure. 
They agree well with each other. From this figure, we can find that the conversion efficiency is maximized (about 62.2%) 
when L=385m and R1=31.5%. The same optimal parameter values can be obtained by plotting the contour diagram of 
power conversion efficiency versus R1 and L (figure 6). There exists a certain tolerance of the optimal parameters, in 
which the output power conversion efficiency decreases only slightly. For example, the power conversion efficiency 
decreases less than 1.5% from the maximum value 62.2% when the values of R1 and L are selected in the range of 
contour line 61%.  
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Fig. 6. The contour diagram of conversion efficiency versus R1 and L (Pin=5W) 
The optimal reflectivity of output FBG under certain input pump power can be deduced by differentiating the optimal 
output power with respect to 1
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The expression is implicit. Combining Eq.(21) with Eq.(19) and (20), we can obtain the optimal fiber length and power 
conversion efficiency under certain pump power. Figure 7 shows the optimal optical fiber length, reflectivity of output 
FBG and power conversion efficiency as a function of input pump power. As shown in this figure, the optimal fiber 
length and reflectivity of output FBG decrease with increasing pump power. 
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Fig. 7. The optimal fiber length, reflectivity of output FBG and power conversion efficiency vesus input pump power 
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4. CONCLUSIONS 
We propose an explicit analytic solution for the first-order Raman fiber laser only using the linearly-propagating 
approximation for pump beam. The proposed solution shows good agreement with numerical simulation. It is noted that 
the explicit solution is deduced without using the depleted-pump approximation. We can compare 'inP and 1 ( )gL  to 
determine whether pump power is depleted or not. The depleted-pump approximation, under which laser output power 
increase linearly with increasing pump power, is valid only while ' 1 ( )inP gL .
The optimal design of the laser is discussed using the proposed solution. The optimal values of fiber length, reflectivity 
of output fiber Bragg grating and power conversion efficiency are obtained under different pump power. The results for 
phosphosilicate fiber laser show that the optimal cavity parameters are L=385m and R1=31.5% with maximum 
conversion efficiency 62.2% when Pin=5W. There exists a certain tolerance of the optimal parameters, in which the 
conversion efficiency decreases only slightly. The optimal fiber length and reflectivity of output FBG decrease with 
increasing pump power. 
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